Systemic sclerosis (SSc) may induce cardiac fibrosis and systo-diastolic dysfunction. Cardiovascular magnetic resonance (CMR) can detect replacement myocardial fibrosis with late gadolinium enhancement (LGE) and interstitial myocardial fibrosis with T1 mapping techniques. The aim of the study was to detect subclinical cardiac involvement with CMR in paucisymptomatic SSc patients with no previous history of myocardial disease, comparing it with skeletal muscle remodelling.
Introduction
Systemic sclerosis (SSc) is a heterogeneous disease whose pathogenesis is characterized by autoimmunity, inflammation, small vessel disease, and fibroblast dysfunction, leading to increased extracellular matrix deposition. 1 SSc is present throughout the world, with variable incidence across different ethnic groups and different geographic regions, and a typical age of onset between 30 and 50 years. 2 The disease may affect the myocardium, but its involvement is often clinically under recognized and may hold poor prognosis. 3, 4 In the last three decades, while the mortality rates secondary to renal crisis and to pulmonary causes have been substantially modified, those related to cardiac involvement have remained apparently unchanged at 15% of all SSc deaths. 5 Immunoinflammatory damage, vasospasm, ischaemia and fibrosis cause perfusion defects, diastolic dysfunction, arrhythmias and, eventually, systolic cardiac failure. Cardiac involvement has also been correlated to skeletal muscle involvement, where inflammatory microvasculopathy and interstitial fibrosis may occur. 6 In SSc cardiac magnetic resonance (CMR) provides significant information, not only allowing a precise definition of biventricular and biatrial size and function, but also allowing detailed tissue characterization. Late gadolinium enhancement (LGE) is known to detect fibrosis and necrosis in ischaemic and non-ischaemic cardiomyopathies. 7, 8 Heterogeneous myocardial LGE has been described in SSc patients and correlated with autopsy findings of patchy myocardial oedema and fibrosis among interspersed normal myocardium. 9, 10 Several studies demonstrated a variable prevalence of
LGE in SSc patients, ranging from 15 to 66%, 7,8,11 -13 mostly with a mid-wall linear pattern or a nodular patchy pattern, involving the basal and mid-segments of the left ventricle: these different rates and patterns of fibrosis may be due to methodological differences among the studies and to the heterogeneity of patient populations.
On the other hand, in SSc patients, diffuse myocardial fibrosis could be missed by traditional LGE imaging, which relies on differential uptake of gadolinium in abnormal (fibrotic) vs. relatively normal (non-fibrotic) myocardium. Recent advances in CMR allow surrogate estimation of diffuse myocardial fibrosis using a T1 mapping technique: native (i.e. pre-contrast) T1 mapping is highly sensitive to myocardial water and detects myocardial oedema, 14, 15 but is also sensitive to myocardial fibrosis 16 ; adding post-contrast T1 mapping to pre-contrast T1 mapping acquisitions allows to calculate the gadolinium partition coefficient and the extracellular volume fraction (ECV) of the myocardium and other tissues, provided there is a steady-state equilibrium between the bloodpool and the interstitium. 17 Both pre-and post-contrast T1 mapping have been shown to correlate well with histological indices of myocardial fibrosis in various clinical contexts. 16, 18, 19 Myocardial T1 mapping has become a novel tool for the tissue characterization of cardiomyopathies, 20 and it has been recently applied to SSc patients, showing subtle myocardial interstitial remodelling . 21, 22 The purpose of this study in SSc patients with no previous history of cardiac disease was to assess myocardial interstitial remodelling, using a pre-and post-contrast T1 mapping CMR approach, and to correlate it with skeletal muscle interstitial remodelling.
Methods
From June 2010 to June 2011, thirty consecutive SSc patients (mean age: 51 + 12 years, all women) and 10 healthy controls (mean age: 48 + 15 years, all women) were prospectively enrolled in our study and underwent routine clinical, biohumoral, echocardiographic assessment, and CMR. All patients were followed up at the Department of Rheumatology of Florence (Italy) and fulfilled the 1980 American College of Rheumatology criteria for classification of SSc, 23 confirmed by a score of .9 with the new ACR/EULAR criteria. 1 At enrolment, all patients presented neither a previous history of cardiac disease, nor electrocardiographic or echocardiographic abnormalities. No patient complained of major cardiovascular symptoms (typical angina, syncope, and dyspnoea at rest), but they were either asymptomatic or paucisymptomatic for symptoms of possible cardiovascular origin (effort dyspnoea, fatigue, and palpitations); no patient presented renal failure or any contraindication to CMR. The local Ethics Committee (Pisa, Italy, protocol number for study acceptance 2849) approved the experimental protocol. After receiving a description of the procedures and potential risks, each patient gave written informed consent.
Cardiac magnetic resonance
Study participants were examined by a 1.5-T unit (CVi, GE-Healthcare, Milwaukee, USA) using the dedicated cardiac software, eight-channel phased-array surface receiver coil and vectocardiogram triggering. Ventricular function was assessed by breath-hold steady-state freeprecession cine imaging in cardiac short-axis, vertical and horizontal longaxis. In cardiac short-axis, ventricles were completely encompassed by contiguous 8-mm thick slices (with no inter-slice gap). Sequence parameters were: field-of-view: 380 -400 mm, repetition/echo time: 3.2/ 1.6 ms, flip angle: 608, matrix: 224 × 192, phases: 30. For the determination of the T1 value of the myocardium and blood cavity, a single mid-ventricular short-axis modified-cine inversion-recovery (MCine-IR) sequence was performed before and at fixed time intervals (5, 10, and 15 min) after the administration of a bolus of contrast agent (Gadodiamide-OMNISCAN TM , 0.2 mmol/kg). MCine-IR consisted of non-selective adiabatic inversion pulse applied at the R-wave of ECG and followed by a cine segmented gradient-echo acquisition extended to the subsequent 4 -6RR intervals for pre-contrast imaging or 2-RR intervals for post-contrast imaging. 24 Sequence parameters were:
field-of-view: 380 -400 mm, repetition/echo time: 6/2.8 ms, flip angle: 88, matrix: 224 × 192, phases: 40.
LGE imaging was performed between 10 and 20 min after contrast agent administration using a segmented T1-weighted gradient-echo inversion-recovery pulse sequence. In shortaxis orientation, the LV was completely encompassed by contiguous 8-mm thick slices (with no inter-slice gap). Images were also acquired in vertical and horizontal long-axis views. Inversion time was individually adapted to suppress the signal of normal remote myocardium (220 -300 ms). Sequences parameters were: field-of-view: 380 -400 mm, slice thickness: 8 mm, repetition/echo time: 4.6/1.3 ms, flip angle: 208, matrix: 256 × 192.
Image analysis
All CMR studies were analysed off-line using a workstation (Advantage Workstation, GE Healthcare, Milwaukee, USA) with a dedicated software (MASS 6.1, Medis, Leiden, Netherlands) by one experienced operator blinded to clinical data. Using the stack of short-axis cine images, left ventricular (LV) volumes, mass and global function were determined. LV volumes and mass were normalized to body surface area. 25 The presence and pattern of LGE was visually determined on post-contrast short-axis and long-axis images and, when present, LGE extent was automatically calculated on short-axis images by adopting a signal intensity threshold of .6 standard deviations (SDs) above the mean signal intensity of the remote normal myocardium, as reported in previous CMR studies in nonischaemic cardiomyopathy. 26 For T1-mapping analysis, the signal intensity vs. time curves for the mid-ventricular septum (excluding LGE areas), the bloodpool and the skeletal muscle (pectoralis or latissimus dorsi) were analysed with a custom-written software (HIPPO-SW w ) to determine the respective T1 and R1 values, by adopting a threeparameter mono-exponential model. 24 Of the 60 and 40 frames acquired for pre-and post-contrast analysis, respectively, only those with artefacts were excluded to keep the fitting error ,10% (usually ,5%). For preand post-contrast T1 mapping analysis, the same regions of interest were copied, pasted and eventually adjusted to compensate for possible image misalignment; when analysing the myocardium, care was taken to avoid the bloodpool; when analysing the skeletal muscle, the same muscle (the more represented between the pectoralis or latissimus dorsi) was analysed for each patient, and care was taken to avoid blood vessels and adipose tissue. After confirmation that a dynamic equilibrium 
Results

Patient characteristics
Clinical and biohumoral data of SSc patients are given in Table 1 . The median disease duration was 2.5 years (25th -75th percentile 1-5 years) and all patients were asymptomatic (17 patients 257%) or paucisymptomatic (13 patients, 43%, complaining of mild shortness of breath on effort). Four patients were hypertensive (13%), four presented dyslipidaemia (13%), one presented both (3%); no patient was diabetic. Only 11 patients (37%) presented an erythrocyte sedimentation rate .20 mm/h, and all patients were a relatively stable phase of disease. All patients presented normal biventricular volumes and systolic function at CMR. In particular, there was no significant difference in biventricular volumes and ejection fraction neither between SSC patients and controls ( Table 2) , nor between asymptomatic and paucisymptomatic patients.
Myocardial late gadolinium enhancement and T1 mapping
LGE was absent in controls but present in 7/30 SSc patients (23%, P , 0.01) with a patchy pattern in three patients (involving the interventricular septal insertion points), subepicardial in two patients, mid-wall in one patient, and subendocardial/transmural in one patient. This latter finding was interpreted as a previous silent myocardial infarction, and a dipyridamole-stress nuclear scan confirmed the absence of myocardial ischaemia, making the referring clinicians decide to avoid coronary angiography. There were no differences in biventricular volumes and functions between patients with and without LGE. No patient displayed an LGE extension .10% (median LGE extension 5%, inter-quartile range 3-6%). There was no difference in native T1 mapping values of the myocardium and bloodpool between patients and controls, but a slight non-significant difference in post-contrast T1 values ( Table 2) . In SSc patients myocardial ECV was significantly increased (30 + 4%) than controls (28 + 4%, P ¼ 0.03) (Figure 1 ). There were no differences in myocardial ECV between patients with and without LGE (P ¼ NS). Myocardial ECV showed no significant correlations with clinical data, symptoms, biventricular volumes, systolic, or diastolic function. An example of T1 mapping analysis of the myocardium is shown in Figure 2 .
Skeletal muscle T1 mapping
Skeletal muscle ECV was higher in patients (23 + 6%) than controls (18 + 4%, P , 0.01) (Figure 3) . Overall, myocardial ECV showed a significant correlation with skeletal muscle ECV (R ¼ 0.58, P , 0.001) (Figure 4) . On the other hand, there was no significant difference in native T1 values of the skeletal muscle between patients and controls; moreover, skeletal muscle ECV showed no significant correlations with clinical and biohumoral data, biventricular volumes, systolic, or diastolic function; even the difference in skeletal muscle ECV between asymptomatic and paucisymptomatic patients did not reach statistical significance (22 + 5 vs. 24 + 5%, P ¼ NS).
Discussion
Our data show that in SSc myocardial and skeletal muscle remodelling may occur from the early stages of disease and can be identified mainly as an increased ECV at CMR. Previous studies used CMR to assess cardiac morphology and function in SSc patients. Different cardiac abnormalities have been shown, such as myocardial oedema, 27 pericardial effusion, regional and global systolic dysfunction, diastolic dysfunction, myocardial ischemia, intramural, and patchy macroscopic fibrosis. 7,8,11 -13 After the introduction of novel T1 mapping techniques, CMR has further improved its ability to characterize myocardial tissue non-invasively, providing information on myocardial oedema, interstitial fibrosis, and ECV quantification, beyond the qualitative assessment provided by traditional short-tau inversion recovery and LGE sequences. 20 Two very recent studies demonstrated myocardial interstitial remodelling in SSc patients, using T1 mapping CMR. In 33 consecutive SSc patients with normal LV function and no LGE, Thuny et al. 22 found an increased ECV (30.0% in SSc vs. 26.8% in controls), which correlated with left atrial volume and diastolic dysfunction. In 19 SSc patients without overt cardiovascular disease but more advanced SSc disease (mean Rodnan score 20 + 6), Ntusi et al. 21 found focal fibrosis on
LGE in 10 patients (53%), myocardial oedema on T2-weighted imaging, higher pre-contrast T1-mapping (1007 + 29 vs. 958 + 20 ms in controls), as well as ECV expansion (35.4 + 4.8 vs. 27.6 + 2.5%), likely representing a combination of low-grade inflammation and diffuse myocardial fibrosis. Our data represent a third independent confirmation of this early interstitial remodelling despite a completely different scanner (General Electric vs. Siemens), sequence (cine-inversion recovery vs. modified-Look-Locker sequence), and population: SSc patients in Ntusi's article were significantly sicker, with a higher Rodnan skin score, a higher prevalence of LGE, as well as much higher ECV values ( 35%); SSc patients in Thuny's article were similar to ours, as were ECV values ( 30%); in both articles, skeletal muscle remodelling, which is a possible target organ of the disease, was not analysed. In SSc, the increased ECV could be related to intra-myocardial fibrosis, which is a frequent pattern of cardiac involvement with a rate of incidence ranging from 15 to 66%. 7,8,11 -13 It is noteworthy that myocardial ECV was increased in patients with no signs of heart failure, no systolic, or diastolic dysfunction, and even in patients with no intra-myocardial LGE. On the other hand, even if biohumoral indexes of systemic inflammation were mildly increased only in a minority of patients and even if myocardial and skeletal muscle native T1 values were not higher than controls, subtle interstitial oedema, inflammation, or microvascular remodelling might represent other explanations for the increased myocardial ECV: further studies will be needed to address this point. Variables are expressed as mean + SD. LV, left ventricular; RV, right ventricular; LV volume, LV mass and RV volume are indexed to body surface area; the post-contrast T1 values reproduced here were acquired 15 min after contrast injection (0.2 mmol/kg Gd); the glomerular filtration rate was estimated using Cockroft-Gault formula.
Despite the lack of significant correlation between myocardial ECV and the extent of LGE, likely related to the exclusion of LGE areas from T1 mapping analysis, they might represent the two faces of the same phenomenon: an increased ECV might detect the earlier fibrosis deposits, not detectable by LGE. This evidence might theoretically support an early therapeutic strategy to inhibit myocardial fibrosis, for example, by targeting the renin-angiotensinaldosterone system. 28 Fibroblast proliferation is indeed considered a leading mechanism of inappropriate collagen deposition in the myocardial interstitium, inducing reactive fibrosis. 29 In particular, interstitial myocardial fibrosis is thought to be sustained by systemic inflammation and by activation of the renin-angiotensin-aldosterone system. 30 Another pathophysiological mechanisms of myocardial fibrosis may depend on repetitive ischaemic episodes, 31 resulting from functional, and/or structural coronary microcirculation abnormalities in the presence or absence of epicardial coronary artery stenosis. 32, 33 In particular, a structural vascular remodelling has been reported, consisting of perivascular fibrosis 34 and arteriolar intimal hypertrophy associated with fibrinoid necrosis of intramural coronary arteries and with intravascular coagulation. 35 Another study using intracoronary pressure wire showed a reduced resting myocardial resistance index and higher velocities, suggesting a compensatory vasodilator mechanisms with reduced coronary flow reserve. 33 In SSc patients, microvascular disease was confirmed by adenosine stress CMR 36 and by adenosine stress echocardiography, 32 and was correlated to worse prognosis. Besides a structural vascular remodelling, the occurrence of contraction band necrosis suggests that myocardial damage in SSc might be due to intermittent vascular spasm. Muscle involvement in SSc patients consists of myositis or noninflammatory myopathy, causing weakness, and muscle atrophy. 6, 38, 39 The coexistence of myopathy and myocardial disease has been shown and patients with myopathy are at increased risk for cardiac dysfunction and cardiac death. 40 This relationship has been recently confirmed in an EUSTAR study showing myositis as an independent factor of heart failure. 41 This study further strengthens the close coexistence and relationship among skeletal and myocardial involvement in SSc.
Study limitations
The MCine-IR is a cine sequence that requires a relatively long processing time due to the need to trace contours in each frame, and a pixel-to-pixel T1 mapping analysis is not feasible due to the inherent cardiac motion. Moreover, the through plane motion and the inflow effects during cardiac cycle may limit the accuracy of the analysis. All these limits have been recently circumvented by novel sequences such as the modified-Look-Locker sequence (MOLLI), 42 its shortened version (ShMOLLI), 43 the saturation recovery single-shot acquisition (SASHA), and the saturation pulse prepared heart rate independent inversion recovery (SAPPHIRE), which are shorter, more reproducible, and less cumbersome than previous sequences, but are not yet commercially available for all vendors and are not completely comparable in terms of precision, accuracy, and reproducibility. 20, 44, 45 However, the MCine-IR sequence that we used was already validated in different clinical settings. 24, 46 Our analysis was limited to the acquisition of only one mid-ventricular slice and to the analysis of the inter-ventricular septum within that slice, while SSc might affect the myocardium with a patchy pattern and wholeheart studies will be needed to address this point. Moreover, our study was limited by a small sample size, as well as by the exclusion of patients with overt cardiac disease, which might have displayed much higher ECV values as a result of a much more evident interstitial remodelling. Another difficulty was the need to take into account the significant gender difference of the ECV between men and women. 47 For this reason, we originally measured myocardial ECV in a wider control population including 20 healthy men (age: 37 + 16 years) besides the 10 healthy women (age: 48 + 15 years), yielding an expected gender difference, concerning both myocardial ECV (24 + 6% in men, 28 + 4% in women, P ¼ 0.03), and skeletal muscle ECV (14 + 3% in men, 18 + 4% in women, P ¼ 0.01), confirming previous findings. 47, 48 We then included only the 10 female controls, for age-and gender-matching with the SSc patients. Because of ethical issues, the study was not designed to include endomyocardial biopsy as a tool to confirm our imaging finding, nor to investigate the relative contribution of different pathophysiological mechanisms to this remodelling (such as interstitial fibrosis, oedema, inflammation, or microvascular remodelling).
Conclusions
SSc is associated not only with replacement myocardial fibrosis as detected by LGE, but may also show early signs of interstitial myocardial remodelling, supported by an increased ECV. This evidence is paralleled by an increased ECV in the skeletal muscle. Both myocardial and skeletal muscle interstitial remodelling may represent early markers of cardiac involvement that are present before ventricular dysfunction and symptoms. Indeed, they may help to identify high-risk patients to be submitted to a targeted therapy. Moreover, further studies are needed to investigate the histopathological nature of this early interstitial remodelling (collagen deposition, oedema, or inflammation) and to provide definitive evidence of the coexistence of cardiac and musculoskeletal involvement.
